The abundance of high-quality genotype and phenotype data for the model organism Arabidopsis thaliana enables scientists to study the genetic architecture of many complex traits at an unprecedented level of detail using genome-wide association studies (GWAS). GWAS have been a great success in A. thaliana and many SNP-trait associations have been published. With the AraGWAS Catalog (https: //aragwas.1001genomes.org) we provide a publicly available, manually curated and standardized GWAS catalog for all publicly available phenotypes from the central A. thaliana phenotype repository, AraPheno. All GWAS have been recomputed on the latest imputed genotype release of the 1001 Genomes Consortium using a standardized GWAS pipeline to ensure comparability between results. The catalog includes currently 167 phenotypes and more than 222 000 SNP-trait associations with P < 10 −4 , of which 3887 are significantly associated using permutationbased thresholds. The AraGWAS Catalog can be accessed via a modern web-interface and provides various features to easily access, download and visualize the results and summary statistics across GWAS.
INTRODUCTION
Genome-wide association studies (GWAS) have become an indispensable tool for elucidating genotype-phenotype relationships. GWAS correlates genomic markers with phenotypic differences in a population and reports the likelihood of the association (for a more detailed description see e.g. (1)). A plethora of significant associations have been reported for many traits in different organisms, including rice (2) , tomatoes (3), fruit flies (4), mice (5), humans (6, 7) and Arabidopsis (8) . The latter, Arabidopsis thaliana, is the prime model system in plant biology (9) and an excellent species for conducting genome-wide association studies: many different phenotypes ranging from flowering time to ion concentrations or disease resistance have been collected (8, (10) (11) (12) (13) . Arabidopsis thaliana is a natural inbred, which means that all lines have nearly complete homozygous genomes. This enables the collection of many different phenotypes of genetically identical plants, as well as a reanalysis of the phenotypes with updated genotypic data. To structure this wealth of phenotypic data, we recently published AraPheno, a database for phenotypes collected in A. thaliana (14) . Here, we take the next important step by creating the AraGWAS catalog, a central resource for all genetic associations found through GWAS in A. thaliana. Its purpose is to report the respective GWAS results in a comprehensible way and make them accessible by the community, similar to the NHGRI-EBI GWAS Catalog in humans (15, 16) . GWAS in A. thaliana have been routinely performed using 214 000 markers generated with hybridization technology (17) . Nowadays, full genome information for over 1000 different natural inbred lines is available (13).
To enable a comparative analysis between GWAS results, we re-calculated all GWAS for the available phenotypes from AraPheno using a best-practice pipeline and the latest available version of the genotype data. To declare a threshold for significant association, we used a permutation-based threshold that takes the phenotypic distribution into account and differs for different phenotypes. The outcome is a catalog of standardized GWAS results for all A. thaliana phenotypes.
To summarize, A. thaliana provides one of the best and most extensive collections of population scale phenotype and genotype data, which facilitates the use of GWAS. To make the rapidly growing amount of GWAS results available for the community and to prevent the GWAS results from being fragmented across different websites, we created the AraGWAS Catalog. This resource will not only be an assortment of different GWAS results, but ensures that all results have been calculated with a standardized pipeline using the identical release of genomic data. This framework will easily promote comparative analyses across different phenotypes.
DATABASE CONTENT AND USAGE
The AraGWAS Catalog is a publicly available and manually curated database for standardized GWAS results for the model organism A. thaliana. The primary purpose of the AraGWAS Catalog is to provide a comprehensive collection and overview of all SNP-trait associations in A. thaliana. GWAS stored in the AraGWAS Catalog have been recomputed using a standardized GWAS pipeline (see section 'Standardized GWAS Pipeline') using fully imputed genotype data for 2029 A. thaliana lines from the 1001 Genomes Consortium (13) and all publicly available phenotypes from the central A. thaliana phenotype repository, AraPheno (14) . The AraGWAS Catalog will be updated regularly, either when new phenotypes are submitted to the AraPheno database or when new improved genotypes are released (13). The catalog will only contain recomputed associations based on our standardized GWAS pipeline to ensure maximum comparability between different traits and experiments. Table 1 provides a detailed overview of the data stored in the catalog. To account for different phenotypic distributions, permutation-based significance thresholds are computed and reported for every phenotype in the catalog.
Various data-centric views are implemented so that users can obtain details about the data stored in the catalog.
The 'GWAS Hitmap' provides a high level overview of the highest associated hits of different regions along one of the five chromosomes (Figure 1 ). The columns of the interactive hitmap illustrate the five chromosome of A. thaliana, while each of the rows is an individual study/phenotype. Each single dot of the 25 dots per chromosome illustrates the top associated hit within the focal region of the chromosome. Regions are created using a sliding window with a 250 kbp size. The color of the dot highlights the strength of the association, where red is more strongly associated than yellow. The histogram at the top of each chromosome column shows the genome position based distribution of the top associated hits per region for the focal chromosome. This high level view should help users to quickly gain an overview about the associated hits and their distribution within and between chromosomes. We plan to enhance this view with more advanced interactions, so that users can order phenotypes by ontologies or correlations. This might help to detect interesting patterns across studies and chromosomes and thus help identify pleiotropic effects.
In the 'Top Associations' view users can obtain a list of all associated hits (P < 10 −4 ) across all GWA studies and traits stored in the catalog. Associations in that table are linked to additional information, such as variant annotations generated using SnpEff (18) . Different filters are provided to filter the list by different minor allele frequencies (MAF), minor allele counts (MAC), chromosomes or variant annotations (e.g. non-synonymous variants). Each entry in the 'Top Association' table contains links to detailed views about the study, phenotype or the gene the associated variant was found in.
The 'Top Genes' view summaries all associated hits detected in genes (or in close proximity to genes) and groups the results by gene name. Additional information about the genes can be obtained by clicking on the gene name, which redirects the user to a gene centric view. Dynamic visualizations, such as filtered Manhattan plots and gene location plots ( Figure 2 ) help users to explore the region around the focal gene and provide detailed information about annotations from SnpEff (18) or gene descriptions (extracted from the TAIR10 GFF3 file from the TAIR resource http: //www.arabidopsis.org/download). Further, the gene centric view provides a set of different filters to narrow down the information about variants found within or in close proximity to the focal gene.
The 'GWA Studies' view provides a table of all available GWA studies, including phenotype descriptions and phenotype ontologies (https://bioportal.bioontology. org/ontologies/PTO?p=summary), sorted according to the number of significantly associated hits above the permutation-based threshold. Phenotype ontologies provide a controlled vocabulary to describe phenotypic traits in plants and enables functional grouping of different phenotypes. Phenotypic and trait ontology information is automatically fetched from the AraPheno database using the REST API of AraPheno (14) . The GWA study table is sortable and provides a link to the detailed 'Study' view. More detailed information about a specific GWA study can be obtained by clicking on the study name. The detailed study view summaries general information about the performed GWAS ( Figure 3A ), such as the phenotype used for the study (including a link to the original publication and to AraPheno, where the phenotype data and metadata can be found), the genotype version, number of samples, as well as summary statistics ( Figure 3B ) and the associated hits ( Figure 3C ). Again, different filtering options are implement to filter the list of associated hits ( Figure 3D ). Interactive Manhattan plots are rendered in a separate tab of the GWAS view. Users who click on a specific point in the Manhattan plot will be redirected to the 'Detailed Gene' view described above.
The AraGWAS Catalog provides access to a detailed FAQ, tutorials and guided tours that should help novice users to familiarize themselves. AraGWAS is hosted under the 1001 Genomes Organization (http://1001genomes.org), and its framework is available as open source (see 'Implementation' section). 
STANDARDIZED GWAS PIPELINE
GWAS is being performed on all phenotypes in the AraPheno database separately. For the analysis, the untransformed mean values for each genotype have been used. For the genotype data, the latest version from the 1001 genomes project have been used. Combining these data with existing SNP chip data (17) we obtained a SNP-Matrix for 2029 accessions on 10 709 466 segregating markers. Missing data have been imputed using BEAGLE v.3.0 (19) with standard parameters. GWAS were performed using a mixed model correcting for population structure in a two-step procedure: first all markers were analyzed using a fast approximation of the mixed model (EMMAX, 20). Second, the top 100 markers where re-analyzed using the full model (EMMA, 21). The kinship matrix has been pre-calculated using all accessions, removing alleles with a minor allele frequency below 5%. The R scripts used to perform GWAS are available at https://github.com/arthurkorte/GWAS. The genotype data are available at www.1001genomes.org. To obtain the permutation-based threshold for individual phenotypes, the phenotypic data have been permuted to keep the data structure, but loose the genotype-phenotype connection. We reported the 5% permutation-based threshold per trait. This procedure provides a more realistic significance threshold which depends on the phenotypic distribution. It is noteworthy, that this procedure will lead to different significant thresholds for the different traits, where the permutation-based threshold is sometimes more and sometimes less stringent than the classical Bonferroni threshold. An example of the first, where the permutation-based threshold leads to fewer associations, is the phenotype 'YEL' (https://aragwas.1001genomes.org/#/study/28, published in (8)). Here, the yellowing of the leaves--as an indicator of chlorosis--has been measured. The phenotypic values are binary and zero-inflated (https://arapheno. 1001genomes.org/phenotype/28/), which is a scenario that is prone to inflated P-values in the analysis. The very low value of the permutation-based threshold reflects this and, despite the inflated P-values, makes it possible to identify significant associations. An example for the latter case, where the permutation-based threshold reports more significant associations than the classical Bonferroni threshold is the analysis of the calcium concentration in the leaves (https: //aragwas.1001genomes.org/#/study/51, published in (8)). Here, the phenotypic values are nicely distributed (https: //arapheno.1001genomes.org/phenotype/51), and the Bonferroni threshold reports an overly stringent threshold. It is important to take the different thresholds into account if one is interested in a gene-centric analysis across studies (compare the score and significance of markers in Figure 2 ). In sum, over all studies, the number of significant association under a permutation-based threshold is markedly reduced compared to the number of significant association using Bonferroni threshold (see Table 1 ). However, the use of our standardized pipeline might lead to false negative associations as well, especially if the original analyses have been performed with different genotype data or different GWAS approaches (for example, transformation of the phenotype or multivariate models). Still, the use of our standardized pipeline enables comparative analyses of the results, which would be problematic otherwise.
IMPLEMENTATION
The frontend and backend of the AraGWAS Catalog are based on modern web-based technologies. The webapplication frontend is based on HTML5 and Javascript and is a fully functional single-page application (SPA) , a popular open-source framework based on Python. The two databases in the backend of the AraGWAS Catalog can be accessed through a RESTful API, as described in the REST documentation of the web-application (https://aragwas.1001genomes.org/ docs/).
The first database stores phenotypes and studies information in a Relational Database Management System (RDBMS). The second database indexes genes and associations and is based on the elasticsearch engine (https: //www.elastic.co/), an extremely fast open-source search engine that allows for quick retrieval of a large number of associations.
The REST endpoints are accessible thanks to Django REST framework (http://www.django-rest-framework. org/), an open-source toolkit based on Django and to elasticsearch-dsl (https://elasticsearch-dsl.readthedocs.io/), an open-source library for high-level elasticsearch queries from Python.
The AraGWAS Catalog is automatically deployed using docker (https://www.docker.com), an open-source and popular software containerization platform coupled with Jenkins (https://jenkins.io/), an open-source automation server that deploys the latest version of the website directly from GitHub.
The code for AraGWAS Catalog is open-source and freely available on GitHub (https://github.com/ 1001genomes/AraGWAS).
ACCESSIBILITY AND CITABILITY OF DATA IN THE ARAGWAS CATALOG
The AraGWAS Catalog provides a Representational State Transfer (REST) web service that allows users to programmatically query and access data from the AraG-WAS Catalog. The REST API endpoints are languageindependent and can be accessed via URL extensions. In addition, we also support Core API, a robust and intuitive way to interact with the REST endpoints using machine readable schemas (http://www.django-rest-framework.org/ tutorial/7-schemas-and-client-libraries/). Using the REST endpoints, users can directly obtain data for their custom offline analyses, such as associated hits for a specific gene or details of a GWA study in JSON format. A rich set of various filters allows users to directly access certain information without the need to download entire datasets. For any users who are interested in accessing the AraGWAS REST endpoints from their custom web-service, we can grant access to our REST API for their domains upon request. A thorough documentation on how to use these endpoints is provided in the online FAQ (https://aragwas.1001genomes. org/#/faq) and the REST documentation (https://aragwas. 1001genomes.org/docs/). Some examples of how to use the REST interface are provided below.
Example 1: Users can use the following URL to obtain a list of all available studies in JSON format using their custom browser:
https://aragwas.1001genomes.org/api/studies/ The same result can also be obtained using the following command line command:
$:> curl https://aragwas.1001genomes.org/api/ studies/ In addition, the programming language Python can be used: To add filters, users must extend the URL with a '?' followed by the individual filters, which are separated using the '&' sign. In our example we added 'chr = 1&chr = 2' to restrict the search space to chromosome 1 and 2. The parameter 'significant = p' indicates that we are only interested in significantly associated hits after multiple hypothesis correction using permutation-based thresholds. The final parameter, 'annotation = ns', indicates that only nonsynonymous SNPs should be returned. All filters and its options can be found in the online FAQ (https://aragwas. 1001genomes.org/#/faq).
In addition to the REST endpoints, data from the AraG-WAS Catalog are also downloadable through the webinterface. Entire study results (i.e. summary statistics) are available in HDF5 format. Filtered lists with associated positions per study or gene can be download in CSV format.
Phenotypes used for GWAS in the AraGWAS Catalog are linked to the AraPheno database (14) , as well as to the original publication in which the phenotype was published for the first time. This way users can easily find detailed information about the linked phenotype, the original publication, as well as options to download the phenotypic data in various formats directly from AraPheno (see (14) ).
To enable the citability of individual GWAS results from the AraGWAS Catalog, we provide DOIs for all recomputed GWA studies, similar to what is done in AraPheno (14) .
CONCLUSIONS AND FUTURE DIRECTIONS
The AraGWAS Catalog is the first comprehensive, manually curated and standardized database to collect the results of GWAS. This database is not only an important and useful resource for the Arabidopsis community, but sets a standard for other species. The public availability of high-quality genotypes and phenotypes in A. thaliana offers--due to the inbred nature of the plant--a unique opportunity to systematically re-compute and analyze the GWAS results using a best-practice pipeline. It enables researchers to analyze and compare standardized results of GWAS on different or related traits. These so-called horizontal GWAS analyses affords unique opportunities to detect seemingly unrelated functions of a gene due to pleiotropic effects or discover traits with a shared genetic basis. For this purpose, the AraGWAS Catalog provides a selection of different methods to facilitate the exploration of these high dimensional data. The catalog offers a sophisticated and fast search API to query the database and to extract information for specific associations, genes or traits. Interactive visualizations empower the user to easily maneuver the data and uncover interesting patterns. Persistent DOIs support unique referencing of GWAS results from the AraGWAS Catalog.
However, one must note that SNP-trait associations in the AraGWAS Catalog might differ from the original publication in which the results have been reported. This has several reasons: SNP-trait associations in the AraGWAS Catalog are based (i) on a standardized 'best practice' GWAS pipeline and (ii) on a newly imputed genotype release, combining the latest version from the 1001 Genomes Project (13) and the SNP chip data from (17) , leading to a SNPMatrix for 2029 accessions on 10 709 466 segregating markers. It is important to stretch that this procedure enables more reliable results and comparable downstream analyses and should not be considered as disrespect of previously published works.
So far, more than 167 traits and 222 000 SNP-trait associations have been integrated into the AraGWAS Catalog, and it will be updated regularly, either when new phenotypes are submitted to AraPheno (14) or when new genotypes are released by the 1001 Genomes Consortium. To keep track of changes of SNP-trait associations between genotype versions, we plan to integrate a versioning system, by means of which scientists can clearly distinguish between different versions and releases of the AraGWAS Catalog. In the future we plan to extend the catalog with novel methods to facilitate the comparison of GWAS results stored in AraGWAS. Although, this is already possible to some extent in the multi-species cloud platform easyGWAS (20) , in the AraGWAS Catalog it will be tailored toward A. thaliana to provide a maximum degree of comparability and to leverage specific A. thaliana resources and information, which might not be available for other species.
For AraGWAS, a permutation-based standardized GWAS pipeline has been used to compute univariate associations using a linear mixed model (21, 22) on dichotomous and continuous traits. However, recent advances in machine learning make it possible for the first time to also use generalized linear mixed models for dichotomous traits (23), which we plan to include into future releases of AraGWAS. In addition to the results of univariate GWAS, we also plan to include SNP-trait associations from multi-locus GWAS (24-26) and multi-trait GWAS (27, 28) . Despite the recent advances in these fields, generating these results still is a computationally intensive task, especially if re-computations have to be done on a regular basis (e.g. when new genotypes are released).
Furthermore, we would like to extend the AraGWAS catalog in the future to also include GWAS results based on hybrid A. thaliana lines and phenotypes (29) , as well as results using other types of structural variants or methylated sites (30) .
